The Ebola virus (EBOV) surface glycoprotein (GP 1,2 ) mediates host cell attachment and fusion and is the primary target for host neutralizing antibodies. Expression of GP 1,2 at high levels disrupts normal cell physiology, and EBOV uses an RNA-editing mechanism to regulate expression of the GP gene. In this study, we demonstrate that high levels of GP 1,2 expression impair production and release of EBOV virus-like particles (VLPs) as well as infectivity of GP 1,2 -pseudotyped viruses. We further show that this effect is mediated through two mechanisms. First, high levels of GP 1,2 expression reduce synthesis of other proteins needed for virus assembly. Second, viruses containing high levels of GP 1,2 are intrinsically less infectious, possibly due to impaired receptor binding or endosomal processing. Importantly, proteolysis can rescue the infectivity of high-GP 1,2 -containing viruses. Taken together, our findings indicate that GP 1,2 expression levels have a profound effect on factors that contribute to virus fitness and that RNA editing may be an important mechanism employed by EBOV to regulate GP 1,2 expression in order to optimize virus production and infectivity.
T he Ebola virus (EBOV), a member of the order of enveloped viruses Mononegavirales, is the etiologic agent of Ebola hemorrhagic fever (EHF), a highly lethal disease with up to 90% mortality (1) . The EBOV surface glycoprotein (GP 1,2 ) is the virion structural component that mediates attachment to and fusion with host cells. EBOV GP 1,2 is a type 1 transmembrane protein that is presented on the virion envelope as a homotrimeric spike, similar to HIV Env and influenza virus hemagglutinin (HA) (2) . Also like Env and HA, EBOV GP 1,2 is first translated as a preprotein (GP 0 ), which is then cleaved into two disulfide-linked subunits (GP 1, 2 ) in the Golgi complex by the protease furin (3) . The N-terminal GP 1 subunit has a mass of over 150 kDa and contains a putative receptor binding domain (RBD) as well as a highly glycosylated mucin-like domain, while the C-terminal GP 2 has a mass of roughly 20 kDa and contains the fusion machinery as well as the transmembrane anchor. It is thought that EBOV GP 1,2 mediates initial attachment to host cells by binding to lectins such as DC-SIGN, L-SIGN, and hMGL (4) (5) (6) . These initial attachment events are followed by internalization of the virus via macropinocytosis and trafficking of virus-containing macropinosomes to the endolysosomal pathway (7) (8) (9) . Within the acidified endosome, GP 1 is digested by the cysteine proteases cathepsins B and L, which cleave off the mucin-like domain as well as other regions of GP 1 , producing a 20-kDa core and exposing the putative receptor binding domain (7, 10, 11) . Binding of the RBD to a host receptor then triggers GP 2 to insert its fusion loop into the host cell membrane, at which point a series of conformational changes bring the host and viral membranes together, resulting in fusion (12) . While the definitive host receptor has not yet been determined, recent studies have identified the Niemann-Pick cholesterol transporter NPC1 as indispensable for the escape of virus from the acidified endosome following internalization (13) (14) (15) (16) .
EBOV GP 1,2 is also an important virulence factor and has been implicated in many facets of EHF pathogenesis, including cytopathicity, endothelial dysfunction, and immune suppression (17, 18) . Previous studies have indicated that EBOV GP 1,2 is metabolically costly to synthesize and process and that high levels of GP 1, 2 expression are toxic to host cells (18, 19) . While the exact mechanism of toxicity has been debated, it has been observed that overexpression of GP 1,2 leads to cell rounding and detachment as well as loss of detection of some cell surface markers (20) (21) (22) . Importantly, EBOV regulates GP 1,2 expression via an RNA-editing mechanism whereby full-length GP 1,2 mRNA is produced by slippage of the viral polymerase at an editing site (23, 24) . Only around 20% of transcripts are edited, while unedited transcripts contain a premature stop codon and encode a truncated glycoprotein (sGP), which is secreted in large quantities by EBOV-infected cells. While the production of sGP has previously been implicated in modulation of host immunity (25) (26) (27) (28) , it is possible that RNA editing is also a mechanism by which EBOV could regulate expression of GP 1,2 in order to moderate GP 1,2 -mediated toxicity. Indeed, recombinant EBOV in which the editing site was mutated to produce only GP 1,2 exhibited enhanced cytopathicity and grew to much lower titers in cell culture than wild-type virus (19) . It is therefore of significant importance to understand how regulation of GP 1,2 expression by EBOV contributes to aspects of viral fitness such as infectivity, virus release, and immune evasion, as this information will help to elucidate how EBOV disseminates within a host and causes disease. Furthermore, a better understanding of how GP 1,2 expression affects virus production and infectivity may enable us to identify vulnerabilities in the virus life cycle that can be targeted by vaccines and antivirals.
While a great deal of work has examined how modifications to EBOV GP 1,2 affect its ability to mediate host cell attachment and fusion (5, 29, 30) , there is little information on the effect of GP 1,2 expression levels on virus production and infectivity. EBOV, like other members of Mononegavirales, employs a very simple regulatory mechanism for gene expression, in which the order of genes from 3= to 5= on the negative-sense genome largely dictates the level of each gene's expression (31) . It has previously been shown that negative-strand RNA viruses are extremely sensitive to rearrangement of the gene order, indicating that the stoichiometry of protein expression has a profound effect on viral fitness (32, 33) . However, few studies have directly examined the effect of glycoprotein expression on viral fitness. One such study used recombinant rabies viruses, in which the surface glycoprotein gene was codon optimized or deoptimized, to demonstrate that lowering glycoprotein expression levels adversely affects the kinetics of virus growth in vitro and pathogenicity in vivo (34) . Considerable work has also been done regarding the mechanisms by which HIV and other retroviruses regulate Env expression, presumably to balance the generation of infectious virus while minimizing the immune profile of infected cells and progeny virions (35, 36) . Two studies in particular demonstrated that very low levels of Env incorporation were sufficient to mediate infectivity, while increasing Env incorporation significantly enhanced infectivity until a plateau was reached (37, 38) . These findings are consistent with the idea that because viral glycoproteins are primary targets for host antibodies, viruses must strike a fine balance between optimizing infectivity and evading host immunity. Importantly, EBOV GP 1,2 has many properties that differentiate it from glycoproteins of other related viruses, including its cytotoxicity, its ability to bind to a nearly ubiquitously expressed host receptor, and the unique RNA editing mechanism that regulates its expression. Thus, it is of interest to better characterize how expression and incorporation of GP 1,2 contribute to viral fitness.
In this study, we examined the effect of GP 1,2 expression levels on production of Zaire EBOV (ZEBOV) virus-like particles (VLPs) as well as the infectivity of GP 1,2 -pseudotyped viruses. We demonstrate that high levels of GP 1,2 expression impair both VLP production and pseudovirus infectivity and that expression of sGP may help to optimize virus production and infectivity by attenuating GP 1,2 expression levels. We further examined how high levels of GP 1,2 expression affect synthesis of other proteins, virus release, and specific infectivity of pseudoviruses. Additionally, we studied GP 1,2 from several other filoviruses, as well as mucindeleted and proteolyzed ZEBOV GP 1,2 , in order to identify the requirements for GP 1,2 -mediated regulation of virus production and infectivity.
MATERIALS AND METHODS
Cell lines and plasmids. 293T cells and JC53 cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Mediatech) supplemented with 10% fetal bovine serum (FBS; HyClone; ThermoFisher) and penicillin-streptomycin. The primary Ebola glycoprotein construct used was wild-type Ebola virus strain Zaire (ZEBOV, subtype Mayinga; GenBank accession number U23187.1). Other filovirus GP 1.2 constructs used were codon optimized and included Sudan ebolavirus (SEBOV; Gulu subtype; GenBank accession number AY316199.1), Marburg marburgvirus (MARV; Musoke subtype; Gen-Bank accession number NC_001608.3), and Lloviu cuevavirus (LLOV; Gen-Bank accession number NC_016144.1). Codon optimization was performed, and the genes were produced by Biomatik Corporation using proprietary technology. Other plasmids used include Ebola VP40 (ZEBOV, Mayinga subtype; GenBank accession number NC_002549.1) and HIV-1 Env (SF162 isolate; GenBank accession number EU123924.1). Additionally, we generated an Ebola VP40-GFP (where GFP is green fluorescent protein) fusion protein by fusing codon-optimized Pontellina plumata GFP (GenBank accession number AAQ01184) to the C-terminal end of EBOV VP40 as described previously (39) . All constructs were subcloned into the pCAGGS.MCS mammalian expression vector. Plasmids were grown and purified using the EndoFree Plasmid Mega kit (Qiagen) as per manufacturer instructions, redissolved in pure endotoxin-free water at a concentration of 4 to 6 g/l, and purity verified by restriction analysis and spectrophotometry.
Pseudovirus generation and titration. Glycoprotein-pseudotyped HIV was generated as described elsewhere (40) . Briefly, 90% confluent 293T cells in 6-well plates were cotransfected with 500 ng of an Envdefective HIV backbone (SG3) DNA, as well as viral glycoprotein DNA in pCAGGS vector (in amounts varying between 4 g and 4 ng). Unless otherwise stated, the total DNA amount was brought to 5 g per well by addition of empty pCAGGS vector. Fugene HD was used as the transfection reagent, and transfection complexes were generated in serum-free medium with 3 l Fugene HD per 1 g DNA. Supernatants were harvested 48 h posttransfection, clarified, and filtered using a 0.45-m filter. The titers of the pseudoviruses were determined by infecting JC53 cells (41) , which express ␤-galactosidase and luciferase under a tat-activated promoter. A standard curve was generated by diluting a standard virus and comparing ␤-galactosidase staining (which requires visual counting of individual blue plaques) with luciferase activity (as measured by a luminometer). Luciferase activity measured from cells infected with pseudovirus was then converted to PFU/ml using a standard curve. Pseudoviruses pelleted through a 20% sucrose cushion demonstrated infectivity levels similar to those determined directly from producer cell supernatant. Thus, all titration experiments reported were performed with cell supernatant unless otherwise stated. p24 ELISA. p24 was measured in supernatant and cell lysate of producer cells using a p24 sandwich enzyme-linked immunosorbent assay (ELISA) kit (ABL Inc.). Supernatant was diluted between 1:1,000 and 1:10,000 in DMEM-10% FBS. Cell lysate was collected by lysis with icecold radioimmunoprecipitation assay (RIPA) buffer, followed by centrifugation at 20,000 ϫ g for 15 min at 4°C. Lysate was collected and normalized for ␤-actin using a ␤-actin sandwich ELISA kit (Signosis). Lysate was then diluted in DMEM-10% FBS. Diluted samples were analyzed by ELISA as per manufacturer instructions. EBOV virus-like particle generation and analysis. EBOV VLPs were generated by cotransfection of 293T cells with 100 ng VP40 DNA plus various amounts of EBOV GP 1,2 DNA. VP40-GFP VLPs were generated with 100 ng of VP40-GFP DNA instead of VP40 DNA. Total DNA transfected per well was normalized to 5 g with empty pCAGGS plasmid. Supernatants were harvested 48 h posttransfection, clarified, and filtered using a 0.45-m filter. Cell lysates were collected by lysis with ice-cold RIPA buffer, followed by centrifugation at 20,000 ϫ g for 15 min at 4°C. Lysate was normalized for ␤-actin using a sandwich ELISA kit (Signosis). Cell culture supernatant and cell lysate were run on SDS-PAGE under denaturing conditions and analyzed by Western blotting using a polyclonal rabbit antibody that recognizes EBOV GP 1,2 and VP40.
Fluorescence microscopy and flow cytometry of VLP and pseudovirus producer cells. For analysis of VP40-GFP VLP producer cells, cells were fixed at 48 h posttransfection in 0.1% paraformaldehyde and stained for ZEBOV GP 1,2 using mouse polyclonal anti-GP 1,2 antisera, followed by incubation with tetramethyl rhodamine isocyanate (TRITC)-conjugated anti-mouse antibody (Southern Biotech). Confocal fluorescence micrographs were captured using an LSM 510 (Carl Zeiss) laser scanning microscope (LSM). LSM software was used for three-dimensional (3D) reconstruction of z-stacked images.
For analysis of EBOV GP 1,2 pseudovirus producer cells cotransfected with GFP DNA, cells were visualized at 48 h posttransfection using a Nikon Eclipse TE200 microscope and photographed. Cells were then treated with 20 mM EDTA, collected, and stained for ZEBOV GP 1,2 using mouse polyclonal anti-GP 1,2 antisera, followed by incubation with a phycoerythrin (PE)-conjugated anti-mouse antibody (Sigma). Cells were then analyzed for GP 1,2 and GFP expression by flow cytometry using an Accuri C6 flow cytometer (BD). Live, single cells were gated by forward and side scatter, and GP 1,2 and GFP expressions were recorded as mean fluorescence intensity (MFI) of gated cells.
Trypsinization of VLP and pseudovirus producer cells. 293T cells producing either GP 1,2 -pseudotyped viruses or EBOV VLPs were washed twice in phosphate-buffered saline (PBS) (without Ca 2ϩ /Mg 2ϩ ) and then trypsinized for 10 min with 200 l of 0.25% Trypsin-0.05% EDTA in PBS (without Ca 2ϩ /Mg 2ϩ ). Trypsinization was stopped by addition of DMEM-10% FBS, at which point the supernatant was separated from cells by centrifugation and collected for p24 ELISA or for SDS-PAGE and Western blot analysis.
Thermolysin treatment of pseudoviruses. Lyophilized thermolysin (Sigma) was dissolved to 1 mg/ml in 50 mM Tris-0.5 mM CaCl 2 . Thermolysin was then mixed 1:1 with pseudovirus-containing supernatant and incubated at 37°for 5 min. Digestion was stopped with 20 mM EDTA, at which point viruses were titrated for infectivity on JC53 cells or denatured and run on SDS-PAGE for Western blot analysis.
Real-time RT-PCR analysis. RNA isolation and reverse transcription (RT) were performed as previously described (42) . Quantitative real-time PCR was performed by using a CFX96 thermal cycler (Bio-Rad, Hercules, CA) and measuring the SYBR green incorporation into double-stranded amplicons. Reactions were performed with 25-l volumes containing forward and reverse primers at a final concentration of 100 nM. Primer sequences were as follows: VP40 forward primer, 5=-AGGCTTTCCTCCAGGAGTTC-3=; VP40 reverse primer, 5=-TGGTTGGGTGATCAGTTTGA-3=; GP 1,2 forward primer, 5=-TTG TCAATGCTCAACCCAAA-3=; and GP 1,2 reverse primer, 5=-TATGGT ATCCAGGCCAGTCC-3=. The PCR conditions included a denaturing step at 95°C for 3 min followed by 45 cycles of a two-step cycling reaction as follows: 95°C for 10 s and then 54.4°C for 30 s. Melt curve analysis revealed a single peak for each primer set. Normalized expression levels of steady-state mRNA levels were calculated using the threshold cycle (⌬⌬C T ) mode within the gene expression module of CFX Manager 3.1 software (Bio-Rad, Hercules, CA) and were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and adjusted for individual primer efficiencies calculated using a standard curve with known amounts of plasmid DNA containing these sequences.
RESULTS

High levels of GP 1,2 expression result in lower titers of infectious pseudovirus.
One unique feature of Ebola viruses is that the expression of EBOV GP 1,2 is tightly regulated through RNA editing of the GP gene. We have previously shown that RNA editing and sGP production may be important in evading host immunity. In this study, we further investigated whether these mechanisms may also serve to regulate virus production and infectivity. We generated GP 1,2 -pseudotyped viruses using envelope-defective HIV-1 (SG3), by transfection of 293T cells with a fixed amount of SG3 HIV core DNA plus either 1 g of GP 1,2 DNA alone or 0.25 g of GP 1,2 DNA with 0.75 g of sGP DNA, in order to recapitulate the ratio of GP isoforms produced during natural infection. As a control, we also generated viruses with 0.25 g of GP 1,2 plus 0.75 g of empty pCAGGS plasmid. Pseudovirus-containing supernatants were collected at 48 h posttransfection, and infectivity was measured in JC53 cells by both ␤-galactosidase staining and luciferase assay. Surprisingly, viruses generated by coexpression of sGP and GP 1,2 (sGPϩGP 1,2 ) displayed roughly 3-fold-higher infectivity than viruses generated with GP 1,2 only ( Fig. 1A ). Furthermore, sGPϩGP 1,2 viruses demonstrated infectivity almost identical to that of viruses produced by transfection with GP 1,2 DNA plus empty pCAGGS vector, indicating that the enhancement of infectivity was due more to the absence of GP 1,2 than to the coexpression of sGP.
To extend our findings, we determined how GP 1,2 expression levels affected the production of infectious pseudoviruses. We generated a panel of GP 1,2 -pseudotyped viruses, varying the amount of transfected GP 1,2 DNA over a 1,000-fold range while keeping the amount of the SG3 backbone DNA constant. In parallel, pseudoviruses were also generated with a 1:3 ratio of GP 1,2 to sGP DNA. Unexpectedly, infectious titers of GP 1,2 -pseudotyped viruses were maximal using 16 ng of transfected GP 1,2 DNA ( Fig.  1B) . When GP 1,2 DNA was increased 256-fold to 4 g, titers of the resulting pseudoviruses dropped by a factor of over 25. Virus infectivity also dropped when GP 1,2 transfection was reduced below 16 ng of DNA. Interestingly, when matched levels of transfected GP 1,2 DNA were used, viruses generated from sGPϩGP 1,2 -expressing cells displayed infectivity virtually identical to that of viruses generated with GP 1,2 DNA alone. Western blot analysis showed that the level of GP 1,2 expression correlated with the amount of GP 1,2 plasmid DNA used in transfection and was not affected by cotransfection with sGP plasmid DNA (Fig. 1C ). Taken together, these data indicate that high levels of GP 1,2 expression significantly impair the production of infectious pseudovirions. Furthermore, the ability of sGP coexpression to rescue production of infectious pseudovirus results from the reduction of GP 1,2 expression rather than sGP-mediated enhancement of infectivity.
We further investigated the impact of GP expression levels on pseudovirus production using reduced levels of total DNA to mimic initial stages of virus replication, when viral protein levels are low. We generated pseudoviruses using 1/20 of the total DNA used in the above pseudovirus experiments (0.25 g DNA/well) while keeping the ratios of SG3 to GP 1,2 DNA the same. As shown in Fig. 1D , infectious titers of pseudoviruses were maximal using 3.2 ng of transfected GP 1,2 DNA, while increasing or decreasing transfected GP 1,2 DNA significantly decreased pseudovirus production. This result indicates that the ratio of GP 1,2 to SG3 core expression levels has a greater impact on virus infectivity than does the absolute level of GP 1,2 expression. GP 1,2 expression levels in different filovirus species have a similar effect on virus production and infectivity. In order to determine if impaired infectious virus production under conditions of high GP 1,2 expression is a common feature of other filoviruses, we generated pseudoviruses with GP 1,2 from several different filovirus species. The pseudoviruses generated with all filovirus glycoproteins tested exhibited a similar infectivity pattern, in which infectivity was maximized at an intermediate level of glycoprotein expression, while increasing or decreasing GP 1,2 DNA from this optimal level significantly decreased infectious pseudovirus titers ( Fig. 2A to C) . Interestingly, the maximum infectivity titer varied among pseudoviruses generated with different glycoproteins, with Lloviu cuevavirus (LLOV) GP 1,2 exhibiting the lowest peak infectivity, and Marburg virus (MARV) GP 1,2 exhibiting the highest. We were interested to know if the infectivity pattern that we observed with titration of filovirus GP 1,2 ex-pression levels also held true for glycoproteins from an unrelated virus. To address this, we generated pseudoviruses with HIV Env and determined their infectivity. In marked contrast to filovirus GP 1,2 -pseudotyped viruses, Env-pseudotyped viruses yielded the highest titers with the highest levels of Env plasmid transfection, while decreasing amounts of Env-encoding DNA dramatically decreased infectious virus production. These data demonstrate that impaired production of infectious virus at high glycoprotein expression levels is a phenomenon exhibited by filoviruses but is not shared with other enveloped viruses.
In order to elucidate the mechanism by which high EBOV GP 1,2 expression reduces the production of infectious virus, we measured supernatant p24 levels by ELISA in the GP 1,2 -and HIV Env-pseudotyped viruses and calculated "specific infectivity" for both GP 1,2 -and HIV Env-pseudotyped viruses, which was defined as PFU per pg p24. Surprisingly, GP 1,2 -pseudotyped viruses generated at high levels of GP 1,2 expression (4 g and 1 g of GP 1,2 DNA) demonstrated a 10-fold decrease in specific infectivity compared to viruses generated with 16 ng GP 1,2 DNA (Fig. 3 ). In contrast, HIV Env-pseudotyped viruses displayed the highest specific infectivity under conditions of high Env expression. This finding indicates that even when correcting for impaired pseudovirus production and release under conditions of high EBOV GP 1,2 expression, pseudoviruses containing high levels of GP 1,2 are intrin-sically less infectious than their low-GP 1,2 -containing counterparts. Importantly, this pattern does not hold true for HIV Env.
High levels of EBOV GP 1,2 expression impair production of EBOV virus-like particles. While our data clearly demonstrate that high levels of EBOV GP 1,2 expression impair production of infectious pseudovirus, we also wanted to determine whether this effect also held true for EBOV virus-like particles. We generated EBOV VLPs by cotransfecting 293T cells with plasmids encoding ZEBOV GP 1,2 as well as ZEBOV VP40, the primary EBOV matrix protein. We varied the amount of transfected GP 1,2 DNA over a 1,000-fold range while keeping the amount of VP40 DNA constant. VLPs and cell lysates were collected at 48 h and analyzed by Western blotting. Consistent with the results of our pseudovirus experiments, high expression levels of GP 1,2 resulted in drastic attenuation of VLP release into the supernatant as well as VP40 present in the cell lysate ( Fig. 4A and B) . Interestingly, moderate levels of GP 1,2 expression resulted in increased release of VP40 into the supernatant compared to very low levels of GP 1,2 , a finding consistent with the previously published observation that GP 1,2 enhances EBOV virion budding (43) . Unexpectedly, the highest level of GP 1,2 expression also appeared to drastically decrease levels of GP 1,2 in the supernatant, indicating that GP 1,2 overexpression may impair proper release or processing of GP 1, 2 or may otherwise interfere with virion budding. Under these conditions, large amounts of GP 1,2 accumulated in the cell lysate (Fig. 4B ). 293T cells were cotransfected with 500 ng of plasmid encoding HIV⌬Env (SG3) backbone plus plasmids encoding GP 1,2 from Zaire ebolavirus or HIV Env (SF162). The amounts of glycoprotein-encoding DNA plasmids varied from 4 g to 4 ng, and pseudovirus infectivity in supernatant was measured at 48 h posttransfection by luciferase assay and converted to PFU/ml as described in Materials and Methods. In parallel, the level of p24 in supernatant was determined by a sandwich ELISA. Based on the obtained results, the specific infectivity of EBOV GP 1,2 as well as HIV Env-pseudoviruses, defined as PFU/pg p24, was calculated and plotted versus the amount of transfected GP 1,2 or HIV Env DNA, respectively.
In order to visualize the coexpression of VP40 and GP 1,2 within VLP producer cells, we transfected cells as described above and substituted wild-type VP40 with a VP40-GFP fusion protein that was previously demonstrated to generate VLPs morphologically similar to those produced with wild-type VP40 (44) . At 48 h, cells were stained and visualized by confocal microscopy. We observed that high levels of GP 1,2 expression resulted in reduced expression VP40-GFP, similar to what is shown by West-ern blotting in Fig. 4B . To further investigate the effect of GP 1,2 on VP40 expression, we determined the levels of VP40 mRNA in cells that were transfected with VP40 DNA along with different amounts of GP 1,2 DNA. As shown in Fig. 4D , cotransfection with large amounts of GP 1,2 DNA, at 1 or 4 g, significantly reduced VP40 mRNA levels compared to cotransfection with small amounts of GP 1,2 DNA, at 0.06 g or no GP 1,2 , indicating that GP 1,2 affects VP40 expression through decreasing the amount of 293T cells were transfected with 100 ng of VP40-GFP fusion protein DNA, plus various amounts of GP 1,2 DNA (4 g to 16 ng). At 48 h posttransfection, cells were fixed and stained for GP 1,2 using mouse anti-GP 1,2 immune sera, followed by a PE-conjugated anti-mouse antibody. Cells were then visualized by fluorescence microscopy for GP 1,2 (PE, in red) and VP40 (GFP, in green). Scale bar, 10 m. (D) Coexpression of GP 1,2 reduces VP40 mRNA levels. 293T cells were transfected with VP40 DNA and GP 1,2 DNA at the amounts indicated along the x axis. At 48 h following transfection, steady-state levels of VP40 mRNA were measured using quantitative real-time RT-PCR. The y axis represents normalized expression levels of VP40 relative to GAPDH. The results from one of two independent experiments are shown. VP40 mRNA transcription. Notably, we also observed that high levels of GP 1,2 expression also resulted in a more punctate cytoplasmic distribution of VP40-GFP, whereas lower levels of GP 1,2 expression resulted in significantly increased levels of VP40-GFP expression, which was localized to large regions near the periphery of the cell (Fig. 4C ). Taken together, our findings indicate that high GP 1,2 expression results both in decreased virion release and in decreased expression and altered distribution of the matrix protein VP40 within cells. This suggests that at least part of the mechanism by which high GP 1,2 expression attenuates production of infectious virus operates by impairing the synthesis and assembly of other viral proteins.
Inhibition of protein synthesis by GP 1,2 . It has been previously suggested that EBOV GP 1,2 is metabolically costly to synthesize and process and that overexpression of GP 1,2 can overwhelm the protein-processing machinery of cells (19) . Because high GP 1,2 expression reduces intracellular levels of other viral proteins, it is possible that impaired protein synthesis may be partly responsible for decreased release and infectivity of viruses produced in cells expressing high levels of GP 1, 2 . In order to test this hypothesis, we generated EBOV GP 1,2 -pseudotyped viruses as shown in Fig. 1 , except that we also cotransfected cells with fixed amounts of plas-mid encoding either GFP or influenza virus PR8 nucleoprotein (NP). We chose foreign, nonexported proteins instead of endogenous housekeeping proteins in order to mimic the kinetics of protein synthesis during viral infection. GFP-transfected cells expressing high levels of GP 1,2 showed lower levels of GFP than those expressing low levels of GP 1,2 , as observed by fluorescence microscopy ( Fig. 5A ). Cells were collected at 48 h posttransfection and stained for surface GP 1,2 expression and analyzed by flow cytometry. Consistent with previous results, surface GP 1,2 MFI increased with the amount of transfected GP 1,2 DNA, while GFP MFI decreased ( Fig. 5B ). Similar to GFP-transfected cells, cells transfected with large amounts of GP 1,2 DNA also expressed lower levels of influenza NP intracellularly, while cells transfected with small amounts of GP 1,2 DNA expressed higher levels of NP (Fig.  5C ). These data indicate that EBOV GP 1,2 impairs synthesis of other proteins, possibly contributing to decreased virus production and release under conditions of high GP 1,2 expression.
High GP 1,2 expression levels do not restrict virus budding. In order to elucidate the mechanism of impaired virus production under conditions of high GP 1,2 expression, we investigated whether high GP 1,2 expression levels impaired the release of virus into the supernatant. It is known that GP 1,2 mediates initial virus by EDTA treatment and stained for surface GP 1,2 expression using mouse anti-GP 1,2 immune sera, followed by a PE-conjugated anti-mouse antibody. Cells were then analyzed by flow cytometry, and MFI was plotted for GP 1,2 and GFP versus the amount of transfected GP 1,2 plasmid. (C) 293T cells were transfected as described for panel A, except that instead of using GFP, cells were cotransfected with 100 ng of plasmid expressing PR8 influenza virus A nucleoprotein (NP). Cell lysate was harvested at 48 h posttransfection, normalized for ␤-actin, and analyzed by Western blotting using a mouse monoclonal anti-NP antibody. attachment to host cells by binding to lectins such as DC-SIGN. Thus, we hypothesized that nascent virions with higher GP 1,2 content might be trapped at the cell surface by these interactions instead of escaping into the supernatant. To test this hypothesis, we generated pseudoviruses as previously described, except that after collecting the supernatant, cells were washed with EDTA, trypsinized, and then lysed. Analysis of p24 in each of these fractions revealed that high GP 1,2 expression resulted in very little retention of p24 at the cell surface, while more p24 was retained under conditions of low GP 1,2 expression ( Fig. 6A ). A similar pattern was observed with EBOV VLPs, in which higher levels of VP40 were liberated by trypsinization from low-GP 1,2 -expressing cells, while increasing GP 1,2 expression resulted in reduced release of VP40 in the trypsinized fraction (Fig.  6B) . Taken together, these data indicate that high levels of GP 1,2 expression do not restrict virus release but that increased GP 1,2 levels actually reduce retention of viruses at the cell surface. This finding is consistent with previously published studies in which EBOV GP was demonstrated to aid in budding of virus-like particles while antagonizing host factors that restrict release of virions (43, 44) .
Infectivity of viruses containing high levels of GP 1,2 can be enhanced by proteolysis. As demonstrated above, pseudoviruses containing high GP 1,2 levels exhibited 10-fold-lower specific infectivity (PFU/pg p24) than pseudoviruses containing lower levels of GP 1,2 . It has previously been determined that proteolysis of EBOV GP 1,2 can enhance the binding and infectivity of pseudotyped viruses by removing regions of the glycoprotein that may interfere with optimal attachment to host cells (45) . Thus, we hypothesized that the density of GP 1,2 expression also might have an effect on optimal binding to host cells and that proteolysis would differentially enhance the infectivity of high-versus low-GP 1,2 -containing viruses. To test this hypothesis, ZEBOV GP 1,2pseudotyped viruses were digested with thermolysin, a protease that has previously been demonstrated to cleave GP 1 and enhance infectivity in a manner similar to that of cathepsins B and L (11, 45, 46) . Viruses were digested for 5 min and analyzed by SDS-PAGE, which revealed proteolysis of GP 1 from 150 kDa to a 37-kDa intermediate (Fig. 7A) . Digested viruses were then titrated for infectivity alongside untreated viruses. Thermolysin treatment enhanced virus infectivity for all viruses regardless of GP 1,2 expression level ( Fig. 7B) . However, the infectivity of high-GP 1,2 -expressing viruses was enhanced by a factor of 10, while that of low-GP 1,2 -expressing viruses was enhanced by only a factor of 2 (Fig. 7C) . Importantly, specific infectivity, as measured by PFU/pg p24, appeared to plateau for proteolyzed viruses, suggesting a theoretical upper limit for pseudovirus infectivity (Fig. 7D) . Taken together, our data indicate that high GP 1,2 content interferes with infectivity of viruses and that proteolysis of GP 1,2 can rescue infectivity.
DISCUSSION
In this study, we investigated the effect that EBOV GP 1,2 expression levels have on the production and infectivity of EBOV VLPs and pseudoviruses. We demonstrated that there is a low level of GP 1,2 expression at which virus release and infectivity are maximized. Importantly, we observed that higher levels of GP 1,2 expression can profoundly impair both the production of VLPs and the infectivity of pseudoviruses, indicating that tight regulation of GP 1,2 expression is of critical importance to the EBOV life cycle. We further demonstrated that high GP 1,2 expression levels impair production of VP40 required for viral assembly, through reducing the mRNA levels of coexpressed VP40. In addition, we observed that viruses containing large amounts of GP 1,2 are intrinsically less infectious whereas proteolysis of these viruses with thermolysin can enhance infectivity, possibly by relieving the steric shielding resulting from dense packing of GP 1,2 on the virus surface.
It has long been hypothesized that RNA editing and the production of sGP by EBOV-infected cells was a mechanism of host immune evasion. Indeed, sGP has been implicated in modulation of host immunity and in interference with the host antibody response (25) (26) (27) (28) . However, the present findings indicate that RNA editing may also be a mechanism of modulating GP 1,2 expression levels to optimize virus production and infectivity. A recent study found that when serially passaged in vitro in Vero E6 cells, EBOV rapidly mutated the editing site of the GP gene to adopt a predominantly GP 1,2 -forming phenotype (47) . The mutant virus rapidly reverted back to a predominantly sGP-forming phenotype when reintroduced to a naive guinea pig host. The fact that this rever- cells were transfected with 500 ng of HIV⌬Env (SG3) backbone DNA and various amounts of GP 1,2 DNA (4 g to 0 ng). At 48 h posttransfection, supernatants were collected, at which points cells were washed and treated with 20 mM EDTA in PBS for 10 min at 37°C, followed by trypsinization for 5 min at 37°C. Trypsinized cells were then lysed, and cell lysate was collected. Supernatants, EDTA wash, trypsin fraction, and cell lysate were all analyzed in parallel for p24 content by ELISA. Lysate p24 levels reported were normalized for ␤-actin. Results are representative of those obtained in two separate experiments and are the means and standard deviations for samples run in triplicate. (B) Levels of VP40 liberated by trypsinization of EBOV VLP-producing cells. 293T cells were transfected with 100 ng of EBOV VP40 DNA plus various amounts of GP 1,2 DNA (4 g to 4 ng). At 48 h posttransfection, producer cells were trypsinized and the trypsinized fraction was analyzed by Western blotting using polyclonal rabbit anti-EBOV antiserum specific for all Zaire EBOV proteins. sion occurred within 6 days of infection suggests that adaptive immunity had little to do with this phenotypic transformation. Instead, it is possible that different host environments select for high-GP 1,2 -versus low-GP 1,2 -expressing viruses, depending on factors within that environment that restrict virus budding and dissemination. These factors may include tetherin expression (which restricts virus budding but is antagonized by GP 1,2 ) as well as other interferon-inducible antiviral factors (44, 48, 49) . It would be revealing to examine how passage in different cell types, as well as treatment with interferons or other inflammatory cytokines, affects the emergence of editing-site mutants. GP 1,2 has a variety of toxic effects on cells, including induction of cell rounding, detachment, and loss of detection of surface markers (18, 50) . The exact mechanism of these effects has been debated. Some studies have indicated that GP 1,2 induces active internalization of surface molecules required for attachment and communication with the immune system and also promotes cell death (51, 52) . Other studies have suggested that GP 1,2 sterically occludes surface factors without actually reducing cell viability (20, 53) . In one study, it was reported that overexpression of GP 1,2 , through mutation of the GP editing site, resulted in enhanced cytopathicity, with the recombinant virus growing to lower infectivity titers (19) . The authors noted the accumulation of incompletely processed GP 1,2 in the endoplasmic reticulum (ER) and early Golgi cisternae and hypothesized that toxicity of high-GP 1,2 expression was at least partly due to saturation of the proteinprocessing machinery. This hypothesis is consistent with our finding that high expression levels of GP 1,2 resulted in reduced synthesis of other proteins required to assemble VLPs or pseudoviruses. Furthermore, GP 1,2 -mediated reduction in protein expression is not specific to exported viral proteins, since high GP 1,2 expression levels also impaired production of nonexported proteins such as influenza virus NP and GFP. However, as shown in Fig. 5 for coexpression of GP and GFP, cells transfected with high GP DNA min at 37°C with 0.5 mg/ml thermolysin. Reactions were then terminated with protease inhibitor cocktail, and samples were analyzed by Western blotting using polyclonal rabbit anti-EBOV antiserum. Untreated pseudoviruses were also analyzed as a control. (B) Thermolysin-treated pseudoviruses were normalized for p24 content and then titrated on JC53 cells by luciferase assay, followed by conversion to PFU/ml as described in Materials and Methods. Treated viruses were titrated alongside untreated viruses as a control. Results reported are representative of those obtained from three separate experiments and are the means and standard deviations for samples run in triplicate. (C) The fold increase in infectivity of pseudoviruses with thermolysin treatment was calculated from the data reported in panel B and plotted versus amounts of transfected GP 1,2 DNA. (D) Specific infectivity of untreated versus thermolysin-treated pseudoviruses. Based on results reported in panel B and supernatant p24 ELISA (data not shown), specific infectivity, defined as PFU/pg p24, was calculated for untreated versus thermolysin-treated pseudoviruses and plotted versus amounts of transfected GP 1,2 DNA. amounts showed lower GFP expression but no significant cell loss. We also stained 293T cells at 48 h by trypan blue and observed no difference in cell death rates for cells transfected with either high or small amounts of GP or no GP (data not shown). Further, at this time point (48 h posttransfection), very few detached cells were detected in the culture medium and the vast majority of the cells were still attached to the cell culture plate. Thus, these observations indicate that the drastic reduction of protein synthesis at high GP expression levels is not primarily a result of loss of cells by detachment and death under our experimental settings. Nonetheless, as illustrated in Fig. 8A , impaired protein synthesis represents one mechanism by which high levels of GP 1,2 expression could reduce production of infectious virus. Future studies are needed to elucidate the exact mechanisms of impaired protein production as well as the specific features of GP 1,2 required to mediate this effect.
A significant finding of this study is that, even when normalized for p24 content, high-GP 1,2 -containing viruses have lower specific infectivity than their low-GP 1,2 counterparts. Because GP 1,2 mediates viral attachment and fusion, it would be expected that higher GP 1,2 expression levels should translate into higher efficiency of infection. Indeed, HIV Env-pseudotyped viruses with high Env content displayed much higher specific infectivity than those with low Env content, a finding consistent with previously published studies (37) . However, GP 1,2 -pseudotyped viruses were maximally infectious at intermediate levels of GP 1,2 expression, while increasing or decreasing GP 1,2 expression levels from the optimal level resulted in drastic attenuation of infectivity. It is possible that a high density of GP 1,2 interferes with proper GP 1,2 function through steric hindrance, as depicted schematically in Fig. 8B and C. Packing of GP 1,2 trimers at high density on the virion surface may result in enhanced shielding of GP 1,2 receptor binding motifs, while a lower density of GP 1,2 results in increased exposure of receptor binding motifs (Fig. 8B) . Alternatively, as shown in Fig. 8C , steric shielding due to high GP 1,2 density may also interfere with endosomal processing required for the final steps of infection (7, 10, 11) . Either of these mechanisms is consistent with our observation that proteolytic processing of GP 1,2 was able to rescue infectivity of high-GP 1,2 -containing viruses, and these two possible mechanisms are not mutually exclusive. In either case, these results suggest that high GP 1,2 expression may reduce virus fitness through impairment of virus infectivity, and RNA editing may be a mechanism employed by Ebola virus to control GP 1,2 expression levels for optimized replication.
Proteolysis may relieve steric hindrance resulting from GP 1,2 packing, promoting more-efficient receptor binding and possibly obviating the need for endosomal proteolysis. This is similar to the way in which removal of the GP 1 mucin domain also enhances infectivity by alleviating shielding of receptor binding epitopes and by enhancing attachment to host cells (45) . Once proteolyzed, high-GP 1,2 -containing viruses actually have higher specific infectivity than their low-GP 1,2 counterparts, indicating that GP 1,2 generated under conditions of high expression is still intrinsically functional and that it is likely an effect of high density of GP 1,2 on the virion surface that impairs proper function. Interestingly, it has been demonstrated that GP 1,2 lacking a transmembrane domain (GP 1,2 ⌬TM) is efficiently shed by host cells through cleavage by tumor necrosis factor alpha (TNF-␣)-converting enzyme (TACE) at the membrane-proximal external region (54) . Similar to the production of sGP, TACE-mediated secretion of GP 1,2 ⌬TM has also been hypothesized to result in absorption of host anti-GP antibodies. In light of our present findings, it is also possible that gradual TACE-mediated cleavage of GP 1,2 may enable the virus to modulate its infectivity by decreasing the surface density of GP 1,2 on virions. Further, the proteolytic cleavage of GP 1,2 may function as a timing mechanism to ensure that virions are less infectious when they first bud, to allow for efficient release, but have increased infectivity after release.
Our results demonstrate that the ratio between EBOV GP and viral core protein expression has an important impact on production of infectious virus pseudotype particles. Notably, this observation was made under both high and low total DNA transfection conditions (Fig. 1) , indicating that regulation of GP expression levels may affect the infectivity of virus particles produced during early as well as late stages of virus replication, when viral protein expression levels differ. Of note, Marburg virus does not express sGP, and an early study showed that even a very small amount of Marburg virus GP DNA (0.01 g) is sufficient to produce VLPs and maximum production of VLPs was observed by using 0.5 to 1 g GP DNA (55) . However, the effect of a further increase of GP DNA on VLP production was not investigated. Nonetheless, the results showed that increased Marburg virus GP expression resulted in reduced viral NP expression. In the present study, we also made similar observations for other filovirus species, including Sudan ebolavirus as well as Lloviu cuevavirus, indicating that the ratio between GP and viral core proteins may affect the production of virus particles with optimal infectivity for all filoviruses. How regulation of GP 1,2 expression contributes to overall viral fitness remains a complex question. Viruses, including Ebola virus, do not necessarily evolve to optimize infectivity. Indeed, it has been previously demonstrated that single amino acid mutations, as well as deletions of regions of GP 1,2 , can significantly enhance infectivity of GP 1,2 -pseudotyped viruses (29) . While it may seem intuitive that enhanced infectivity is synonymous with optimizing viral fitness, this is probably not the case, given that EBOV would have likely adopted these simple infectivity-enhancing mutations if they had conferred a selective advantage. Instead, it is possible that EBOV has evolved mechanisms such as steric shielding of receptor binding regions as well as regulation of glycoprotein expression levels to actively modulate infectivity. There are several possible arguments to support this hypothesis. First, moderation of infectivity may be necessary to facilitate effective dissemination of virus within the host. While viruses that exhibit low infectivity may be less efficient at finding and infecting host cells, viruses that bind very effectively to receptors may not be efficiently released from producer cells or may be unable to spread to distal locations. This is particularly important for viruses such as EBOV, which infect a wide range of host cell types and whose life cycle evolves rapidly when establishing a systemic infection. A second reason why infectivity may be sacrificed for increased viral fitness is due to host immune evasion. HIV expresses very low levels of Env to avoid immune detection (36) . On the other hand, when expressed at sufficiently high levels, EBOV GP 1,2 can shield cell surface molecules involved in immune recognition, as well as sensitive epitopes on GP 1,2 itself (20, 53, 56) . The density of GP 1,2 required to mediate these effects is unknown, but it likely requires close packing of GP 1,2 trimers to form a continuous glycan canopy. Finally, GP 1, 2 has been demonstrated to directly modulate host immunity through a variety of mechanisms. The GP 2 subunit contains an immunosuppressive sequence similar to that of many retroviruses, which causes lymphocytes to downregulate markers of activation, inhibits elaboration of inflammatory cytokines, and even induces lymphocyte apoptosis (57, 58) . Additionally, GP 1,2 can antagonize the activity of tetherin (CD317), an interferoninduced molecule that normally prevents budding of enveloped viruses by "tethering" them to the cell surface (44) . It appears that these immunomodulatory effects are dose dependent, though the expression levels of GP 1,2 required for these effects are unknown.
Our findings, combined with previous studies of the role of EBOV GP 1,2 in host immune evasion, argue for a model in which expression levels of GP 1.2 represent a finely negotiated balance between optimizing virus production and infectivity while also evading innate and adaptive host immune responses. It has been hypothesized that HIV regulates Env expression levels to be high enough that viruses can mediate infection but low enough that viruses can avoid host neutralizing antibodies (59) . Our data, on the other hand, suggest that EBOV may face the inverse problem because high levels of GP 1,2 expression actually impair infectivity and virus production. It is possible that EBOV must maintain GP 1,2 expression at low enough levels that it can produce large quantities of infectious virus while maintaining sufficient sGP expression to effectively modulate the host immune response. Future studies using recombinant EBOV, in which expression levels of GP 1,2 are altered, will enable further understanding of how EBOV negotiates trade-offs in infectivity versus host immune evasion to optimize fitness. Nevertheless, our findings represent the first demonstration, to our knowledge, that high levels of glycoprotein expression suppress virus infectivity. These results add yet another dimension to our understanding of the complex balance that viruses must strike as they evolve to survive in changing host environments.
